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Running  T i t l e :  P u r i f i c a t i o n  o f  P h o s p h o l  amban 



SUMMARY 

Very low concen t r a t i  ons o f  t h e .  detergent , deoxychol a te  (DOC), 

have'been used t o  i s o l a t e  two f u n c t i o n a l l y  i n t e r e s t i n g  p ro te i ns  from 

canine cardiac sarcoplasmic re t icu lum.  These two p ro te i ns  are  phosphol amban, 

a 22,000 da l ton  p ro te in ,  s p e c i f i c a l l y  phosphorylated by adenosine 3 '  :5 ' -  

monophosphate ( c y c l i c  AMP) - dependent p r o t e i n  kinase, and the ca2+ + hlg2+- 

ATPase, the major p r o t e i n  o f  the sarcoplasmi c ret iculum, responsible f o r  the 

ac t i ve  t r anspo r t  o f  ca l  cium. When phosphoryl ated, p h o s ~ h o l  amban i s  n o t  

so lub i  li zed by DOC. However, unphosphorylated, phosphol amban i s  so lub le  

i n  a very low concentrat ion o f  DOC. Th is  f i n d i n g  i s  used i n  the 

p u r i f i c a t i o n  of phospholamban. The 22,000 da l  ton p r o t e i n  i s  f i r s t  

s o l u b i l i z e d  i n  a very low concentrat ion o f  DOC and then subjected t o  column 

chromatography. A f t e r  molecular weight  s i ev i ng  on a Sephadex 6-75 column, 

the 22,000 dal  ton p r o t e i n  appears as a p u r i f i e d  p r o t e i n  on sodi um dodecyl 

s u l f a t e  (SDS)-polyacrylamide gels. The p u r i f i e d  p r o t e i n  i s  s p e c i f i c a l l y  

phosphorylated by c y c l i c  AMP-dependent p r o t e i n  kinase, 0.15 moles phosphate/ 

mole p ro te in .  Phospholipids are s t i l l  bound t o  the i s o l a t e d  22,000 dal ton : 

p r o t e i n  i n  the r a t i o  o f  5 moles phosphol ip id  t o  1 mole p ro te i n .  

. The ta2+ + M ~ ~ + - A T P ~ ~ ~  i s  p u r i f i e d  by f i r s t  so lub i  l i z i n g  a1 1 the 

e x t r i n s i c  p ro te ins  w i t h  a low concentrat ion o f  DOC. An inc reas ing  amount 

of DOC i s  then added t o  y i e l d  the p u r i f i e d  Ca 2+ t M ~ ' + - A T P ~ ~ ~ .  This p r o t e i n  

Is a t  least 95% pure as determined by SDS-polyacryl.amide gels. Adding 

add i t i ona l  DOC t o  the ~ u r l f i e d .  enzym enhances the enzyme's a b i l i t y  t o  

hydrolyze ATP . t o  approximately 2.5  moles Pi/mg/min. The i s01  a t i o n  of the 

22,000 dal  ton p r o t e i n  and the ca2+ + M ~ ~ + - A T P ~ ~ ~  w i l l  a i  d i n  understanding 

how these two p ro te ins  func t ion  and i f  they s p e c i f i c a l l y  i n t e r a c t  w i t h  

one another. 



INTRODUCTION 

P u r i f i c a t i o n  o f  a  p ro te i n  i s  a  major step toward understanding the 

func t ion  o f  the  p ro te in .  I n  order t o  p u r i f y  most membrane bound prote ins ,  

i t  i s  f i r s t  necessary t o  separate the p r o t e i n  from the l i p i d  membrane. 

De.tergents have been genera l ly  used t o  so lub i  li ze p ro te ins  (1,2). This 

communication repor ts  on the p u r i f i c a t i o n  o f  two prote ins  from canine cardiac 

sarcoplasmi c  ret iculum. Very low coricentrations o f  detergent were used t o  

s e l e c t i v e l y  s o l u b i l  i ze these prote ins ,  g rea t l y  a i d i ng  i n  t h e i r  p u r i f i c a t i o n .  

I n  canine cardiac sa rco~ lasm i  c  ret iculum, c y c l i c  AMP-dependent p ro te i n  

1  kinase enhances c a l c i  um t ranspor t  i n t o  the sarcoplasmi c  r e t i  cul  urn ( 3 ) .  

Cyc l i c  AMP-dependent p r o t e i n  kinase a lso s p e c i f i c a l l y  pnosphorvlates two 

prote ins ,  one w i t h  a molecular weight o f  6,000 and one w i t h  a  molecular 

weight  o f  22,000 ( 4 , 5 ) .  The 22,000 da l ton p ro te in ,  named phospholamban, 

has been i d e n t i f i e d  and s tud ied by others (6-10). I t exh ib i t s  cha rac te r i s t i c s  

o f  phosphoester bonding (6 ) .  The phosphorylat ion o f  the 22,000 dal ton 

p ro te i n  p a r a l l e l s  the enhancement o f  calcium t ranspor t  i n t o  the sarcoplasmic 

ret iculum, when c y c l i c  AMP and p ro te i n  kinase are present (7 ) .  The 

phosphorylat ion and dephosphorylati on o f  the 22,000 dal ton p ro te i n  i s  

be l ieved t o  be invo lved i n  the regu la t ion  o f  calcium t ranspor t  i n t o  cardiac 

sarcoplasmi c ret iculum. 

The ta2+ + M ~ ~ + - A T P ~ ~ ~ ,  a  100,000 dal ton p ro te i n ,  i s  the i n t e g r a l  

p ro te i n  o f  both  card iac  and ske le ta l  sarcoplasmic ret iculum. I t a c t i v e l y  

t ranspor ts  calcium' i n t o  the .sarcoplasmic ret iculum. The ATPase from 

 h he abbrevi a t ions used are: c y c l i c  AMP, adenosine 3' :5'-monophosphate; 
p ro te i n  kinase, adenosine 3' :5'-monophosphate - depeydent p ro te i n  kinase ; 
EGTA, ethylene glyco l  b i s  (8-amino-ethyl ether)-N, N - t e t r aace t i c  acid;  DOC, 
deoxychol ate, SDS, sodium dodecyl su l fa te  ; EDTA, e thy lened iaminete t raacet i  c  
acid. 



s k e l e t a l  r a b b i t  h i nd  muscle was f i r s t  i s o l a t e d  a decade ago by MacLennan 

(1). As a r e s u l t ,  the enzyme from s k e l e t a l  muscle has been character ized 

more ex tens ive ly  than the enzyme from card iac  muscle. I n  both  systems, 

2 moles o f  ca2+ are t ransported f o r  each mole o f  ATP hydrolyzed (11,12). 

The ca2+ + M ~ ~ + - A T P ~ ~ ~  from ske le ta l  and card iac  sarcoplasmic re t i cu lum 

d i f f e r  w i t h  respect  t o  calcium b ind ing,  uptake, K, f o r  calc ium and h y d r o l y t i c  

a c t i v i t y .  They have s i m i l a r  Km values f o r  ATP (13). Recently two methods 

have been publ ished f o r  the i s o l a t i o n  o f  the ca2+ + M ~ ~ + - A T P ~ ~ ~  from card iac  

sarcoplasmi c r e t i c u l  urn (14,lS). The method presented i n  t h i s  communication 

has the  advantage over these two procedures i n  t h a t  i t  i s  a very r a p i d  

technique employing very low concentrat ions o f  detergent. Moreover, ou r  

method a lso i s o l a t e s  f o r  the f i r s t  t ime the 22,000 da l  ton p r o t e i n  from 

the card iac  sarcoplasmi c re t icu lum.  



EXPERIMENTAL PROCEDURE 

MATERIALS 

Bovine hea r t  c y c l i c  AMP-dependent p r o t e i n  kinase, sodium c y c l i c  .AMP 

and..Tris-ATP were purchased from Sigma Chemical Co. [ y - 3 2 ~ ]  ATP, ammonium 

s a l t  (20 m C i  pe r  mmol) was obtained from Amersham/Searle. Oeoxycholate 

was p u r i f i e d  by the method o f  MacLennan (1) .  

METHODS 

Is01  a t i  on o f  Cardi ac M i  crosomes 

Cardiac m i  crosomes were prepared from canine hea r t  ven tri c l e  according 

t o  Har i  gaya and Schwartz (16) w i  t h  the f o l  lowing hodi f i c a t l  ons. Cardi ac 

v e n t r i c u l a r  muscle was homogenized i n  10 mM NaHC03 and cent r i fuged 

a t  8,700 x g  f o r  20 min. The supernatant was then cent r i fuged a t  10,000 x g  

f o r  20. min. The supernatant was s t r a i ned  through 4 layers  of cheesecloth, 

fo l lowed by cen t r i f uga t i on  a t  37,000 x g f o r  30 rnin. The p e l l e t  was suspended 

i n  26 mm i r is-maleate,  0.6 M KCl, pH 6.8, and cen t r i fuged  a t  100,000 x g  

f o r  20 min. The p e l l e t ,  conta in ing microsomes, was suspended i n  0.25 M sucrose. 

E f f e c t  o f  Phosphorylat ion on the S o l u b i l i t y  o f  the 

22,000 Dal ton P ro te l n  

When card i  ac m i  crosomes were phosphorylated f i  rs t, and then subjected 

t o  t reatment w i t h  DOC, the  fo l lowing procedure was employed. Cardiac 

microsoms (1.25 mg/ml) were susoended i n  40 mM h i s t i d i n e  bu f f e r  (pH 6.8), 



0.12 M KCl, 0.5 mM MgC12, 2.5.mM EGTA, 5 mM NaN3, 25 mM NaF, w i t h  1 PM 

c y c l i c  AMP and p r o t e f n  kinase (0.125 mg/ml).  he reac t i on  was s t a r t e d  by 

adding 0.20 nl.( CY - 3 2 ~ ]  ATP (1-3 rCi/nmol). The f i n a l  volume was 1 m l  . 
Af te r  10 min, DOC was added a t  a concent ra t ion o f  1.0 mg DOC/mg p ro te i n .  

The sample was incubated f o r  an add i t i ona l  10 min, fo l lowed by centrifugatiyon 

a t  100,000 x g f o r  30 min. Laemmli sample b u f f e r  (17) cons i s t i ng  o f  2% 

SDS, 62.5 mM Tris-HC1 (pH 6.8), 1 mM EDTA, 3 mM LiC1, 5% mercaptoethanol , 

10% g l yce ro l  and 0.001% bromophenol b l ue  was added t o  bo th  the p e l l e t  and 

supernatant. . Both samples were separated on a 12% acrylamide - SDS - s lab 

ge l  by t he  method o f  Laemmli and Favre (17). The gel  was s ta ined  i n  0.1% 

Coomassie blue', 50% methanol and 10% ace t i c  acid,  and d i f f u s i o n  destained 

i n  10% a c e t i c  acid. The ge l  was d r i e d  on Whatman No. 5 f i l t e r  paper. 

Varying concentrat ions o f  Cr - 3 2 ~ ]  ATP were a lso app l ied  t o  the f i l t e r  

paper, so t h a t  the  amount o f  "P incorporated i n t o  p ro te ins  could be quant i  t k ted .  

The d r i e d  s lab  ge l  was exposed t o  Kodak NS - 2T X-ray f i l m ,  and the f i l m  was 

developed 5 days l a t e r .  To quan t i t a t e  the amount o f  3 2 ~  incorporated i n t o  

p ro te ins ,  the f i l m  and ge l  were scanned w i t h  a Beckman densi tometer. 

When microsomes were f i r s t  subjected t o  treatment by DOC and then 

phosphorylated, they were t r ea ted  i n  the f o l l ow ing  manner. Cardiac microsomes 

were suspended Tn the  phosphoryl a t i o n .  b u f f e r  described above minus the 

c y c l i c  AMP, p r o t e i n  kinase and ATP. DOC a t  concentrat ions from 0.1 mg DOC 

pe r  mg p r o t e i n  t o  1.0 mg DOC pe r  mg p r o t e i n  was added. A f t e r  10 min o f  

incubat ion,  1 uM c y c l i c  AMP. p r o t e i n  kinase (0.125. mglml), and 0.20 mM 

CY - 3 2 ~ ]  ATP were added. A f t e r  an add i t i ona l  10 min, the sample was 

cen t r i fuged  a t  100,000 x g f o r  30 min. The p e l l e t  and supernatant were 

assayed f o r  the presence of phosphorylated p ro te i ns  as described above. 



Disc Gel E lect rophores is  

Sodium dodecyl Su l f a te  ge l  e lec t rophores is  was run according t o  

Weber and Osborn (18). Samples f o r  e lec t rophores is  were suspended i n  the 

SDS-sample b u f f e r  cons i s t i ng  o f  1% SDS, 20 mM sodium phosphate (pH 7.2), 

0.1 mM EDTA, 1% 8-mercaptoethanol, 50% g l yce ro l  and 0.005% bromophenol 

b lue.  The samples were incubated a t  37' f o r  1 hr .  An a l i q u o t  conta in ing 

between 50 and 150 ug was appl ied t o  the gel .  A f t e r  e i e ~ t r o ~ h o r e s i s  i n  

the 10% polyacrylamide SDS-gel, the p ro te ins  were made v i s i b l e  by s t a i n i n g  

the ge ls  i n  0.25% Coomassie blue,  50% methanol and 10% ace t i c  ac i d  f o r  

2 h r  a t  37'. The ge ls  were d i f f u s i o n  destained i n  10% a c e t i c  acid.  

Phosphorylat ion Assay 

Phosphorylat ion o f  cardiac m i  crosomes , DOC supernatant and the 

p u r i f i e d  22,000 dal  ton  p r o t e i n  was accomplished essen t ia l  ly by the method 

o f  Kirchberger e t  a l .  (19). The p r o t e i n  f r a c t l o n  (0.25 t o  0.50 mg/ml) 

was suspended i n  40 mM h i s t i d i n e  (pH 6.8), 0.12 M KC1 , 0.5 mM MgC12, 5 mM 

NaN3, 25 mM NaF bu f f e r .  Cyc l i c  AMP was added t o  a f i n a l  concentrat ion of 

1 J4. Pro te i n  kinase was added a t  the concentrat ion o f  0.125 mg pe r  m l  . 
The reac t ion  was s t a r t e d  by the addl t i  on o f  0.20 d CY - 3 2 ~ ]  ATP. The 

f i n a l  volume was 0.2 m l .  A f t e r  10 min, the reac t i on  was stopped by adding 

2 m l  o f  c o l d  10% t r i c h l o r o a c e t i c  acid, 0.1 nH KH2PO4 0.2 m l  o f  0.63% 

bovine serum albumin was added as a c a r r i e r  p ro te i n .  A f t e r  remaining on 

i c e  f o r  15 min, samples were cen t r i fuged  a t  2,000 x g f o r  10 min. The 

p e l l e t s  were suspended i n  0.2 m l  o f  0.6 N NaOH. The p r o t e i n  was rep rec ip i t a ted  

by the add i t i on  o f  2 m l  o f  10% t r i c h l o r o a c e t i c  acid, centr i fuged, resuspended 



i n  NaOH and washed a  couple o f  t imes. The p e l l e t  was f i n a l l y  suspended 

i n  0.2 m l  o f  0.6. N MaOH and t ransfer red t o  s c i n t i l l a t i o n  v i a l s  conta in ing 

10 m l  o f  Ins tage l  (Packard) f o r  counting. 

ATPase A c t i v i t y  

ca2+-dependent ATPase was measured i n  a  manner s i m i l a r  t o  t h a t  used 

by Tada e t  a l .  (3) .  Cardiac microsomes o r  the  i s o l a t e d  p r o t e i n  were suspended 

a t  a  concentrat ion o f  30-50 pg/ml i n  40 mM h i s t i d i n e  (pH 6.8), 0.125 M 

KC1, 5 m!! Nard3, 5 mM MgC:12 and vary ing calc ium concentrat ions i n  the presence 

o f  EGTA. The reac t ion  was i n i t i a t e d  by the add i t i on  o f  5 m u +  - 3 2 ~ 1  ATP 

(3  pC i  pe r  prnole). The f i n a l  volume was 0.4 m l .  The ca2+-independent 

ATPase a c t i v i t y  was measured by i nc l ud ing  0.5 mM EGTA ins tead  o f  calcium- 

EGTA i n  the reac t ion  mixture.  A t  various t ime . i n t e r v a l s ,  the reac t ion  was 

stopped by adding 0.4 m l  o f  i ce -co ld  13.33 mM s i l i c o t u n g s t i c  ac i d  i n  1.67 M 

H2S04 0.3 m1 o f  10% anmonium molybdate was added. A f t e r  vortexing,  

1  m l  o f  isobutanol  :benzene (1  :I ) was added. The sample was vortexed f o r  

30 sec, fol lowed by cen t r i f uga t i on  a t  1,000 x  g  f o r  10 min. 0.5 m l  of the 

organic phase was counted. Ti? determine the nonspec i f ic  b ind ing  of phosphate, 

con t ro ls  were Purl by adding the p r o t e i n  t o  the reac t ion  mix ture  a f t e r  the 

ac id  had been added. The f r ee  ca2+ concentrat ions were determined by the 

method o f  Katz e t  a l .  (20). 

I s o l a t i o n  o f  the 22,000 Dal ton P ro te i n  

Cardiac microsomes were suspended a t  a  concentrat ion o f  7 mg/ml i n  

0.25 M sucrose. A small a l i q u o t  o f  DOC was added a t  the r a t i o  o f  2 pg DOC/ 

7 mg microsomal p r o t e i n  (0.286 pg DOC/mg p r o t e i n ) .  The suspension was 



incubated on i c e  f o r  15 min. A f t e r  incubat ion,  the suspension was 

centr i fuged a t  100,000 x g , f o r  30 min. The supernatant was concentrated 

on an Amicon PM 10 membrane. The supernatant was then app l ied  t o  a Sephadex 

6-75 ( f i n e )  column (1.5 cm x 1.5 m), e q u i l i b r a t e d  w i t h  10 mM Tris-HC1 

(pH 7.8),  0.04%DOC, 0.02% NaN3. The sample was e l u ted  from the  column 

us ing the  Tris-DOC buf fer .  The absorbance o f  the sample a t  280 nm was 

monl tored. The 22,000 da l  ton p r o t e i n  was e l u ted  as a s i n g l e  p r o t e i n  as 

determined by SDS-polyacrylamide ge l  ele'ctrophoresis. 

I s o l a t i o n  o f  the ca2+ + M ~ ~ + - A T P ~ ~ ~  - 

As i n  the i s o l a t i o n  o f  the 22,000 da l  ton p ro te i n ,  card iac  microsomes 

were suspended a t  7 mg/ml i n  0.25 M sucrose. DOC was added a t  the r a t i o  

o f  2 pg DOC/7 mg pro te in .  Each 7 mg' o f  microsomal pro te i 'n  must be t r ea ted  

i n  a separate tube. The p u r i f i c a t i o n  cannot be scaled upwards w i thou t  

l o s i n g  about 10% i n  the p u r i f i c a t i o n  o f  the A T P ~ S ~ .  The mix ture  was incubated 

on i c e  o f  15 min, fo l lowed by c e n t r i f u g a t i o n  a t  100,000 x g fo r  30 min. 

The p e l l e t  was suspended i n  the o r i g i n a l  volume o f  0.25 M sucrose, 1 m l .  

Addi t i ona?  23C was added a t  the concentrat ion o f  2 pg  DOC/^ mg o f  o r l g i n a l  

microsomal p r o t e i n  (i .e. the same amount o f  DOC as was added i n i t i a l l y ) .  

The suspension was incubated on i c e  f o r  15 min, fo l lowed by c e n t r i f u g a t i o n  

a t  100,000 x g f o r  30 min. The supernatant from !his c e n t r i f u g a t i o n  

contained the  ca2+ + ~ ~ ~ + - ~ 7 ~ a s e  t o  a t  l e a s t  95% p u r l  ty .  



8 i  ochemi ca l  Assays 

P ro te i n  concentration was determined by the method o f  Lowry e t  a1 . (21) 

w i t h .  bovine serum albumin as the standard. Phosphol ip id concent ra t ion 

was assayed by determining the phosphorus present by the method of Ames 

and Dubin (22). 

RESULTS 

Ef fec t  o f  Phosphoryl a t i o n  on the Sol ub i  1 i t y  o f  the  22,000 Dal ton P ro te i n  

When card iac  m i  crosomes were phosphoryl a ted and then t r ea ted  w i  t h  DOC, 

the phosphoryl ated 22,000 dal ton p r o t e i n  was n o t  so lub le  i n  DOC concentrat ions 

A? 1: as h i gh  as 1.0 mg DOC/mg p ro te i n :  (Table I). As ca lcu la ted  from densi tomer 

scans o f  the Coomassie b l ue  - s ta ined  ge ls  and the autoradiographs, the 

22,000 da l ton  p r o t e i n  bound 0.40 moles phosphate/mole p ro te i n ,  when the 

microsomes were incubate'd i n  the  presence o f  c y c l i c  AMP and p r o t e i n  kinase 

f o r  10 min. The 22,000 dal ton p r o t e i n  represents 5% o f  the t o t a l  microsomal 

p ro te in .  ~ r e a t e r  than 90% o f  the  p r o t e i n  was n o t  so l  ubi  1 i zed when 

phosphoryl ated p r i o r  t o  the add1 t i o n  o f  DOC. 

T rea t ing  the  m i  crosomes f i  w t  w i t h  DOC, f o l  lowed by phosphoryl a t ion ,  

r esu l t ed  i n  85% o f  the  22,000 dal  ton p r o t e i n  being s o l u b i l i z e d  by 0.1 mg DOC/ 

ng p ro te i n ,  and subsequently phosphorylated. The presence o f  DOC d i d  n o t  

a f f e c t  the t o t a l  amount o f  phosphoryl a t ion .  Phosphoryl a t i o n  appears t o  

a1 t e r  the p r o t e i n  i n  such a manner as t o  render i t. . inaccessible t o  DOC. 



P u r i f i c a t i o n  o f  the 22,000 Dal ton P ro te i n  

Since the unphosphorylated 22,000 da l ton  p r o t e i n  was so lub le  i n  a 

low concentrat ion o f  DOC, t h i s  s tep was employed as the f i r s t  step i n  the 

p u r i f i c a t i o n  o f  the 22,000 da l ton  p ro te i n .  DOC a t  a  concentrat ion of 

2  pg DOC/7 mg p r o t e i n  rendered most o f  the 22,000 dal  ton p r o t e i n  so lub le . ,  

A f t e r  s o l u b i l i  zat ion,  a  Saphadex 6-75 column was used t o  p u r i f y  the p ro te i n .  

\ G .  I The p r o t e i n  e l u t i o n  pa t t e rn  from the column i s  shown i n  Fig.  1. SDS- 

polyacrylamide gels o f  the various column f r a c t i o n s  are shown i n  F ig .  2. 

Gel A shows the p ro te ins  s o l u b i l i z e d  by the  low concent ra t ion o f  DOC. 

-, 
These.proteins inc luded the 22,000 da l ton  p ro te i n ,  mainly h igher  molecular  

\L, - 
weight p ro te ins  and some of the ATPase. A l l  so lub i  l i z e d  p ro te ins  w i t h  a  

molecular weight  above 60,000 were excluded i n  the column vo id  volume, the 

major peak from the column (ge l  B ) .  The f i r s t  f r a c t i o n  separated by the 

column i s  shown i n  ge l  C. A 50,000 dal  ton p r o t e i n  was the major band w i t h  

a few minor p ro te ins  a l so  present. The i s o l a t e d  22,000 dal ton p r o t e i n  i s  

seen i n  the nex t  peak (ge l  D). The column was capable of separat ing the 

22,000 da l ton  p r o t e i n  from a 18,000 dal ton p r o t e i n  a l so  s o l u b i l i z e d  by DOC. 

Gel L snows tne next  successive f rac t ions.  They conta in  mainly the 18,000 

da l ton  p r o t e i n  w i t h  on ly  a  small amount o f  the 22,000 da l ton  p r o t e i n  

e l u t i n g  i n  t h i s  f rac t ion .  

The y i e l d  o f  the 22,000 dal  ton p r o t e i n  a t  each step o f  the p u r i f i c a t i o n  

4PLE i s  shown I n  Table I T .  The DOC s o l u b i l i z a t i o n  s tep r e s u l t s  i n  a  y i e l d  of 

0.37 mg o f  p r o t e i n  i n  the supernatant pe r  7 mg o f  s ~ r c o p l a s n i c  re t icu lum.  

Usual ly  about 2.7 mg o f  the s o l u b i l i z e d  p ro te ins  were app l ied t o  the Sephadex 

6-75 column. This r e s u l t s  i n  a  y i e l d  o f  about 150 pg o f  pure 22,000 da l ton  



p ro te i n .  ' About 100 pg of pure 22,000 da l  ton p r o t e i n  can be obtained from 

34 mg of sarcoplasmic ret iculum. 

Phosphorylat ion of the  P u r i f i e d  22,000 Dal ton P ro te i n  

The i s o l a t e d  22,000 dal  ton p r o t e i n  was speci f i c a l  l y  phosphoryl ated 

by c y c l i c  AMP-dependent p r o t e i n  kinase as i s  shown i n  Table 111. Cardiac 

t B L E  a microsomes incorporated approximately 1.35 nmoles 3 2 ~  per  rng p ro te i n .  This 

data i s  cons is ten t  w i t h  t h a t  repor ted ,by Kirchberger e t  a1 . (19). The 

supernatant from the f i r s t  DOC so lub i  l i z a t i o n  incorporated on ly  about a 

quar te r  o f  the phosphate t h a t  the  microsomal f r a c t i o n  d id .  The i s o l a t e d  

22,000 da l ton  p r o t e i n  incorporated 6.83 nmoles phosphate per  rng p ro te i n ,  

o r  0.15 moles o f  phosphate pe r  mole of p ro te i n .  

Phosphol ip id Content o f  the 22,000 Dalton P ro te i n  

Phosphol ip id content  dur ing  the p u r i f i c a t i o n  steps i s  d e t a i l e d  i n  
- 

\ -   able I V .  Cardiac m i  crosomes contained 20 pg phosphol ip id  phosphorus/ 

mg p ro te in .  The s o l u b i l i  zed p r o t e i n  f r a c t i o n  contained only 5 vg 

phosphol i p i  d phosphorus/mg' p ro te in .  The p u r i f i e d  22,000 dal t on  p r o t e i n  

bound 5 moles o f  phospholipid/mole p ro te in .  The f a c t  t h a t  phosphol i ~ i d  

i s  t i g h t l y  associated w i  t h  the 22,000 da l ton  p r o t e i n , : i s  cons is tent  w i t h  

the f i n d i n g  t h a t  the 22,000 da l ton p r o t e i n  can be s o l u b i l i z e d  by a c i d i f i e d  

chloroform:methanol' ( 4 ) .  



I s o l a t i o n  o f  the ca2+ + ~ g ~ + - A ~ ~ a s e  

The p u r i f i c a t i o n  o f  the card iac  Ca '+ + Mg2+-A~Pase was accomplished 

by s e l e c t i v e  s o l u b i l i z a t i o n  o f  the membrane p ro te ins  by DOC. F igure 3  

' 'I shows the  gel  pa t t e rn  o f  the p u r i f i c a t i o n  procedure. The ca2+ + ~ g ~ + - A ~ ~ a s e  

represents about 30% o f  the t o t a l  p r o t e i n  present  i n  cardiac sarcoplasmic 

re t i cu l um (ge l  A). The f i r s t  treatment w i t h  DOC s e l e c t i v e l y  s o l u b i l i z e d  the 

e x t r i n s i c  p ro te i ns  i nc l ud ing  the 22,000 dal ton.  p r o t e i n  and some of the 

ATPase (ge l  B ) .  Adding an add i t i ona l  smal:l .amount o f  DOC t o  the p e l l e t  

from the f i r s t  ex t r ac t i on  resu l t ed  i n  the  i s o l a t i o n  o f  the ATPase t o  a t  

l e a s t  95% p u r i t y ,  as shown i n  ge l 'C.  Th is  procedure y i e l d s  50 + 5  pg of 

p u r i f i e d  Ca 2+ + Mg2+-A~Pase per  mg o f  sarcoplasmic ret iculum. The i s o l a t e d  

enzyme contained no phosphoryl ase a c t i v i  t y  (Data n'ot shown). The p u r i f i e d  

ca2+ + M ~ * + - A T P ~ ~ ~  bound 11.5 moles o f  phospholipid/mole p r o t e i n  (Table I V )  . 

ATPase A c t i v i t y  

Cardi ac mi'crosomes hydrolyzed 0.42 pmol es ATP/mg p r o t e i n  /min (Tab1 e  V )  . 
4 0 ~ G  

About 40% of t he  h y d r o l y t i c  a c t i v i t y  was ca2+-independent. Once the ATPase 

was so l  u b i l  i zed v i  r t u a l  l y  a1 1  the  h y d r o l y t i c  a c t i  v i  t y  was ca2+-dependent. 

Even i n  the  supernatant from:the f i r s t  s o l u b i l i z a t i o n  w i t h  DOC, a l l  the 

ATPase a c t i v i t y  was ca2+-dependent. The p u r i  f l e d  enzyme exhi  b i  ted a c t i v i  t y  

i n  the range o f  1.2 pmoles P i  generated/mg protein/min.  By adding add i t i ona l  

DOC t o  the p u r i f i e d  enzyme, the h y d r o l y t i c  a c t i v i t y  doubled. DOC was a lso 

found t o  s t imu la te  the ATPase a c t i v i  t y  o f  the ca2+ + M ~ * + - A T P ~ ~ ~  i s o l a t e d  

from s k e l e t a l  muscle (1) .  The K,,, f o r  the p u r i f i e d  Ca 2* + M C J ~ + - A T P ~ S ~  from 

card iac  muscle was found t o  be 5.2 $4 ca2+. Th is  value i s  i n  agreement w i t h  

the value obtained from card iac  m i  crosomes (1  3). 



DISCUSSION 

Se lec t i ve  s o l u b i l i z a t i o n  o f  membrane p ro te ins  by detergents i s  a  

powerful t o o l  i n  p r o t e i n  p u r i f i c a t i o n .  The 22,000 dal  ton p ro te i n ,  

speci fi c a l  l y  phosphoryl ated by cyc l  i c AMP-dependen t p r o t e i n  k i  nase, has 

a  very unique property.  When phosphorylated, i t  cannot be s o l u b i l i z e d  

by DOC. However, unphosphorylated, the p r o t e i n  i s  so lub le  i n  a  low 

concentrat ion o f  detergent. Phosphorylat ion o f  the 22,000 dal ton p r o t e i n  

appears t o  cause the  p r o t e i n  t o  become bu r i ed  i n  the membrane, render ing 

i t  r e s i s t a n t  t o  DOC and t r y p s i n  ( 3 ,4 ) .  How the add i t i on  o f  a phosphate 

group t o  the. p r o t e i n  can s i g n i f i c a n t l y  change the p roper t ies  of the 

p r o t e i n  i s  i n t r i g u i n g ,  b u t  n o t  understood. The f a c t  t h a t  the nonphosphoiy- 

l a t e d  22,000 da l  ton .p ro te in  was s o l u b i l i z e d  by a  low concentrat ion o f  DOC, 

was used i n  the p u r i f i c a t i o n  o f  the p ro te i n .  A f t e r  s e l e c t i v e  so lub i  1  i zat ion,  

o n l y  a  Sephadex 6-75 column was needed t o  completely p u r i f y  the pro te in . ,  

The p u r i f i e d  p r o t e i n  was speci f i  ca l  l y  phosphorylated by c y c l i c  AMP- 

dependent p r o t e i n  k i  nase. 

The i s o l a t e d  22,000 da l  ton p r o t e i n  bound 6.83 nmoles of phosphate 

pe r  mg o f  p ro te in ,  compared t o  the sarcoplasmi c  r e t i  cu l  urn, which bound 

1.35 nmoles o f  phosphate pe r  mg p ro te in .  Th is  i s  n o t  as great  an 

enhancement as might  be an t i c ipa ted ,  cons ider ing t h a t  the 22,000 da l ton  

p r o t e i n  accounts f o r  on ly  5% o f  the t o t a l  microsomal p ro te i n .  However, 

I n  t he  sarcoplasmlc re t lcu lum,  mo.re than one p ro te fn  i s  phosphorylated. 

The 22,000 and 6,000 da l ton  p ro te i ns  are  the major ones, along w i t h  the 

endogenous p r o t e i n  kinase and phosphorylase a. As determined by s lab  ge l  

e lec t rophores is  and autoradiography, the 22,000 da l  ton p r o t e i n  bound 



0.40 moles phosphate/mol e  p ro te in ,  when card i  ac m i  crosomes were incubated 

f o r  10 min i n  the presence of c y c l i c  AMP and p r o t e i n  kinase. The i s o l a t e d  

p r o t e i n  bound 0.15 moles o f  phosphate per  mole o f  p ro te i n .  Th is  degree of 

i ncorpora t ion  i s  considerably lower than the  i d e a l  i s t i c ,  1  mole phosphate 

pe r  mole o f  p ro te i n ,  b u t  i s  i n  agreement w i t h  the  f ind ing  f o r  o ther  i s o l a t e d  

prote ins .  Spec i f i c  c y c l i c  AMP-dependent p r o t e i n  kinase phosphorylat ion.  of 

i s01  ated ribosomal p ro te i ns  has shown t h a t  between 0.035-0.069 moles of 

phosphate were incorporated pe r  mole o f  p r o t e i n  (23,24). Glycogen 

synthetase (25) has been shown t o  incorpora te  approximately 1  mole of 

phosphate pe r  mole o f  p ro te in ,  wh i l e  phosphorylase k i  nase incorporates 

0.4 moles o f  phosphate pe r  mole o f  p r o t e i n  (26). Thus, there seems t o  be 

a l a rge  range o f  values f o r  the s p e c i f i c  i ncorpora t ion  o f  a  phosphate i n t o  

a  pr0tei .n by c y c l i c  AMP-dependent p r o t e i n  kinase. The p u r i f i e d  22,000 

da l ton  p r o t e i n  appears t o  b i nd  only about 40% o f  the phosphate t h a t  the 

p r o t e i n  d i d  i n  the microsomal f r ac t i on .  Th is  may be the  case, o r  i t  

may be the r e s u l t  of e r r o r  in t roduced by the densitomer scans of the 

Coomassie b l ue  s ta ined  gels and autoradiographs. Whether the Coomassie 

b lue s ta ined  ge ls  g ive an accurate r e p o r t  o f  the amount o f  phospholamban 

present i n  the  microsomes i s  n o t  known. Regardless, the p u r i f i e d  22,000 

dal  ton p r o t e i n  i s  s p e c i f i c a l l y  phosphoryl a ted by c y c l i c  AMP-dependent 

p r o t e i n  kinase a t  a  h igh enough s p e c i f i c  a c t i v i t y  t h a t  the  func t ion  of the 

phosphoryl a  ted  22,000 dal  ton p r o t e i n  can be e luc idated.  

When i s01  ated, the 22,000 da l  ton p r o t e i n  s t i  11 has phospholipids 

bound t o  it. This  f a c t  f s  cons is tent  w i t h  the f i nd ing  t h a t  the 22,000 

da l  ton p r o t e i n  i s  so lub le  i n  a c i d i  f i e d  chloroform:methanol , i n d i c a t i n g  the 



p o s s i b i l i t y  t h a t  i t  i s  a p r o t e o l i p i d  (4). Whether these l i p i d s  p l ay  any 

d i r e c t  r o l e  i n  the f unc t i on  o f  the  22,000 da l  ton p r o t e i n  i s  n o t  known. 

,It has been shown t h a t  the  p ro te in ,  n o t  the l i p i d ,  i s  the component 

phosphorylated by c y c l i c  AMP-dependent p r o t e i n  kinase (3,4). 

The ca2+ + M ~ ' + - A T P ~ S ~  was i s o l a t e d  by employing successive add i t i ons  

o f  DOC. Th is  procedure al lowed f o r  the  very r a p i d  p u r i f i c a t i o n  of the  

ATPase. Because o f  s o l u b i l i z i n g  the enzyme i n  a very low concent ra t ion of 

detergent, fewer phospholipids were associated w i t h  the enzyme than found 

i n  the  p u r i f i e d  ATPase from ske le ta l  muscle i s o l a t e d  by MacLennan (1) .  

However, the phosphol ip id content  o f  the  i s01  ated,  ATPase from card iac  

muscle i s  i n  agreement w i t h  the phosphol ip id  content  associated w i t h  the 

enzyme p u r i f i e d  from ske le ta l  muscle by Warren e t  a l .  (27). They a l so  

employed a low concentrat ion of detergent. With the i s o l a t e d  enzy-m from 

s k e l e t a l  muscle, MacLennan (1) found a greater  h y d r o l y t i c  a c t i v i t y  than 

Warren e t  a l .  (27). The amount o f  phosphol ip id associated w i t h  the enzyme 

undoubtedly a f f e c t s  the h y d r o l y t i c  a c t i v i t y  o f  the  enzyme. The increased 

a c t i v i t y  seen i n  the presence o f  added DOC, may be a r e s u l t  o f  DOC 

s t a b i l i z i n g  the  enzyme i n  a manner s i m i l a r  t o  t h a t  of phospholipids. The 

K,,, value f o r  calc ium found f o r  the p u r i f i e d  card iac  enzyme i s  i n  agreement 

w i t h  the value repor ted f o r  cardiac microsomes, and i s  about 5 t imes 

greater  than the value f o r  the ATPase from ske le ta l  muscle (13,14). 

Using t he  procedures presented here, the r a p i d  p u r i f i c a t i o n  o f  the 

22.000 da l tan  p r o t e i n  and the ca2+ + M ~ ' + - A T P ~ ~ ~  i s  possib le.  A good 

y i e l d  o f  the  22,000 da l ton  p r o t e i n  (approximately 200 pg) can be obtained 



from as few as 2 cantne hear ts ,  w h i l e  the ~ ~ ~ a s e  can be i s o l a t e d  from 

1  hear t .  W i  t h  the  i s o l a t i o n  o f  both these prote ins , i t w i  11 now be 

possible t o  e luc idate  the function o f  cycl I c AMP-dependent phosphorylation 

of the  22,000 d a l t w  prerfdn f n  the regulat ion o f  calcium transport .  
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FIGURE LEGENDS 

Figure 1 : E l u t i o n  p r o f i l e  from the  Sephadex 6-75 column. Cardiac 

microsomes were suspended a t  7 mg/Ml i n  0.25 M sucrose. 2 u1 

o f  0.1%'- DOC was added p e r  7 mg p ro te i n .  The microsomes were 

cen t r i f uged  a t  100,000 x g f o r  30 min. The supernatants were 

concentrated and 2.7 mg o f  p r o t e i n  was app l ied  t o  a Sephadex 

6-75 ( f fne )  column (1.5 cm x 1.5 m) e q u i l i b r a t e d  w i t h  l0,mM 

T r i s  (pH 7.8), 0.04% DOC, 0.02% NaNj The absorbance of the 

e l uan t  was monitored a t  280 nm. Each f r a c t i o n  was 4.7 rnl. 

F igure  2: Coomassie b l ue  s ta ined  ge ls  o f  t he  column f r ac t i ons .  10% 

Weber and Osborn po l yac r y l  ami de-SDS-gels were run us ing  the  

column f rac t ions  shown i n  Fig.  1. The ge l  on the f a r  l e f t  

(A), shows the DOC s o l u b i l i z e d  supernatant t h a t  was app l ied  

t o  the  column. Gel B shows the p ro te i ns  i n  the  vo i d  volume, 

f r a c t i o n s  25-30. Gel C shows f r a c t i o n s  31-38. Gel D shows 

t he  p u r i f i e d  22,000 da l ton  p ro te i n ,  f r a c t i o n s  39-51. Gel E 

shows-the f r a c t i o n s  52-61, showing the 18,000 da l ton  p r o t e i n  

w i t h  a small amount o f  the  22,000 da l  ton p r o t e i n  present. 

F igure  3: Coomassie b l ue  s t a i ned  10% Weber and Osborn polyacrylamide- 

SDS-gels df  t he  I s o l a t i o n  o f  the  ca2+ t M ~ ' + - A T P ~ ~ ~ .  Gel A 

shows the  card iac  microsomes. Gel B shows the  f i r s t  supernatant 

a f t e r  t r e a t i n g  the  microsomes w i t h  DOC. Gel C shows the  

p u r l  f i e d  ATPase. The band above the 100,000 da l  ton band 

represented a dimer o f  t he  ATPase. 



TABLE I 

The E f f e c t  of Phosphorylat ion 

on the Suscepti b i  1 i t y  o f  the  22,000 Dal ton P ro te i n  

t o  S o l u b i l i z a t i o n  by DOC 

moles o f  phosphate/mole o f  22,000 da l  ton p r o t e i n  

p e l l e t  supernatant 

Phosphorylat ion f o l l  w e d  by: 

Control 0.39 + 0.04 0.01 .k 0.01 

DOC (1.0 mg/mg.:protein) 0.37 + 0.03 0.02 k 0.01 

DOC (0.1 mg/mg p ro te i n )  

fo l lowed by: 

Cyc l i c  AMF + P ro te i n  Kinase 0.04 2 0.01 0.36 2 0.05 

I n  the  top  h a l f  o f  the  tab le ,  microsomes were phosphorylated f o r  10 'min as 

described i n  "Methods". A f t e r  10 min, 1.0 mg DOC/mg p r o t e i n  was added, and 

the  sample was cen t r i fuged  a t  100,000 x g f o r  30 min. L a e m l i  s o l u b i l i z i n g  

bu f f e r  was added t o ,  the p e l l e t  and supernatant and 50 pg o f  each was e lec t ro -  

phoresed on a 12% ac ry l  am1 de-SDS-sl ab gel .  A f t e r  autoradiography , the percent 

of 3 2 ~  l abe l  i n  each band was determined by scanning the  autoradiograph w i t h  

a Beckman dens i tme te r .  DOC was n o t  added t o  the con t ro l .  I n  the  bottom 

h a l f  o f  the tab le ,  DOC was added f i r s t '  t o  the microsomes. A f t e r  10 min, c y c l i c  

AMP, p r o t e i n  kinase and [ y 3 * p ]  ATP were added. A f t e r  an add i t i ona l  10 min, 

the samples were cen t r i fuged  a t '  100,000 x g f o r  30 min and assayed as described 

above. The data represent the mean 2 S.E. f o r  6 experiments. 



TABLE I1 

Percent Protein Obtained in Each Isolat ion Step 

Isolation Step Protein Yield, % 22,000 Dalton Protein,  % 

Cardi ac m i  crosomes 100.0 

DOC supernatant 5.3 

Isolated protein 0.3 

Percent protein yield during i so la t ion  of the 22,000 dal t on  protein. The 

percent protein a t  each s tep  of the purif icat ion was calculated by taking ' 

the cardiac microsomes as 100%. The percent o f  22,000 dal ton protein a t  

each s tep  was determined by scanning Coomassie blue stained 10% Weber and 

Osborn polyacrylami de-SDS-gels a t  550 nm. 



TABLE I 1 1  

Cycl ic AMP-dependent Phosphorylation 

nmbl es 3 2 ~ / m g  moles 32~/mole 

Prote in Fract ion p ro te in  p ro te in  

Cardi ac m i  crosomes 1.35 k 0.16 

F i r s t  DOC supernatant 0.31 + 0.08 

Puri  f i e d  22,000 6.83 + 0.31 0.15 5 0.02 

Cyc l i c  AMP-dependent phosphoryl a t ion  of the sarcoplasmi c r e t i  cul um, DOC 

supernatant and the p u r i f i e d  22,000 dal ton prote in.  Each f rac t i on  was 

incubated i n  the phosphorylating bu f fe r ,  inc lud ing  -jY - 3 2 ~ ]  ATP i n  a f i n a l  

volume o f  0.2 m1. A f te r  10 min, the phosphorylation was stopped by the 

addi t l o n  of 2 mr o f  10% t r i ch lo roace t i c  ac id  (TCA) , 0.1 mt4 KH2P04. 0.2 m l  

g f  0.63% bovine serum alb~rmin was added as a c a r r i e r  prote in.  After 

incubat ing on i c e  f o r  15 min, the sample was centr i fuged a t  2,000 x g for  

10 min. The p e l l e t  was s o l u b i l i  zed by 0.6 N NaOH, reprec ip i  tated w i t h  10% 

TCA, 0.1 fl KH2P04 and washed two times. F ina l l y .  the p e l l e t  was so lub i l i zed  

i n  NaOH. t ransferred t o  10 m l  Instagel (Packard) and the r a d i o a c t i v i t v  was 

counted. The data &resent the mean + S.E. f o r  f i v e  experiments on the 

cardi as m i  c~osomcs , and three ele terminations on two' d i f f e r e n t  prepara t ions  
f o r  the DOC supernatant and the p u r i f i e d  22,000 dal ton prote in.  



TABLE I V  

Phospholipid Content 

L i p i d  Content 

- - 

pg phospholipid mole phospholipid 

phosphorus/mg phosphorus/mol e 

p ro te in  p ro te in  

Cardi ac m i  crosomes 20.5 + 0.8 

F i r s t  DOC supernatant 5.1 + 0.4 

22,000 dal ton pro te in  7.2 + 0.5 5.1 ? 0.02 

ca2+ + M ~ ~ + - A T P ~ S ~  3.6 5 0.4 11.5 + 0.03 

Phospholipid content o f  the sarcoplasmic reticul'um, DOC supernatant, 

22,000 dal ton pro te in ,  and ca2+ + M ~ ' + - A T P ~ S ~ .  The phosphorus present i n  

each sample was determined by the method o f  Arnes and Dubin ( 2 2 ) .  The 

experimental resu l t s  are presented as the mean 5 S.E. f o r  f i v e  experiments. 



TABLE V 

ATPase A c t i v i t y  

Prote in Fraction . 

ca2+-dependen t 

M ~ ? + - A T P ~ ~ ~  ATPase 

--- - 

pmol es P i  / mg/mi n pmoles P i  /mg/mi n 

Cardi ae mi crosornes 0.18 + 0.03 0.24 k10.06 

F i r s t  DOC supernatant 0.02 + 0.03 0.73 + 0.10 

Purl  f i  ed ca2+ + M ~ ' + - A T P ~ ~ ~  0.01 r 0.02 1.27 + 0.15 

P u r i f i e d  ca2+ + M ~ ? + - A T P ~ ~ ~  + 0.1% COC :':0.01 +. 0.03 2.47 & 0.31 

The ATPase hyd ro l y t i c  a c t i v i  t y  o f  cardiac microsomes , DOC supernatant and pu r i f i ed  

ca2+ + .Mg'+-~~~ase.   he hydro ly t l  c a c t i  v l  ty was determined as described i n  "Methods". 

The ca2+-independent ATPase a c t i v i t y  was measured by inc luding 0.5 mM EGTA instead of 

calcium-EGTA i n  the react ion mixture. The data represents the mean + S.E. for  f i ve  

experiments. 
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